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HEAVY ION COLLISION’S

Barbara V. Jacak”

Loa Alamos National Laboratory

LQS Alarms, New Mexico 87545, USA

Ab6tract

Heavy ion collisions at very high energies provide an opportunity to recreate in the laboratory the
conditions which existed very early in the universe, just after the big bang. We prepare matter
at very high energ.v density and search for evidence that the quarks and gluons are reconfined.

I describe the kinds of obaervables that are experimentally accessible to characterize the system
and to search for evidence of new physics. A wealth of information is now available from CERN

and BNL heavy ion experiments. I discuss recent results on two pa{ticle correlations, strangeness

production, and dilepton and direct photon distributions.

1. Introduction

High energy heavy ion collisions provide the opportunity
to create hadronic matter at high energy density in
the laboratory, and study its properties. 1 will discuss
the motivation for these studies and the methods

employed. Numerous results from experiments at 14.6

GeV/nucleon at the Brookhaven AGS, and at 200
GeV/nucleon at the CERN SPS have become available
over the last several yeara. These experiments have

measured a number of obaervabk to chwacterize the
system prepared, and to look for evidence of new physics
occurring in these collisions. Instead of describing

all of the measurements, 1 will focus on three areas
of recent interest and summarize new results that
werr shown at, this conference. These areas include

characterization of the collision using Bose-Zinstein
corrclat.ions, strrmgeness production, and dilepton and
direct photon production.

Figure 1 shows the phase diagram of hadronic
matter, plotted as a function of temperature and baryon
dcrrsity. At low t.emperaturc and modest baryon density

(P/Po = 1) the maim of normal nuclear matler is found.

The study of the phase transition of this matter, which
rnll IN. quitt well descrilwd as a liquid, to a IIucleo:I

n =
m WV

IF%Ha-.l..l:

-c.lo~
Baryon rhndty p

Figure 1. Phase diagram of hadronic matter.

and pion gas is the subje:t of heavy ion collisions at
intermcdiatm rnvrgy. Thr shaded region indicates tlw
temperature and barycm density range expected for the

plvw transition from a hadron g= to a quark-gluon
plw~ma in which the quarks Immw drnmfinmi, This

Lransion along with clliral syllnlw[ry rw+tOratiOll, which



occur: under similar conditions, are predicted by the
standard model. [1] Calculations of QCD on the lattice
~2] indicate a critical temperature near 150 MeI’. There
is currently considerable discussion as to the order of
the phase transition. It is expected to be second order:
,’ven if it is fi=t order., the finite system size and particle

number (nol to mention short lifetime of the system)
are expected to smear the discontinuities in a first order

transition .[?.3,4]
The paths followed throtigh the phase diagram by

tt,e early uniwerse. at low baryon density, and a forming

neut rort star, at low temperature, are indicated on the
figure. Also shown are two passible paths followed by

heavy ion collisions. which aim to create quark matter
in the laboratory by increasing both the temperature
and the baryon density. Of course, the hot compressed

matter does not live very long in these collisions before
expanding and cooling back to normal hsdronic matter,
and it is not at all certai~ that either thermal or chemical
equilibrium is reached.

We address these issues experil wntally by metumr-

ing various particles emitted at different times in the
evolution of the collision. Though they we produced
over the entire space-time evoiution of the collision, lep-

tons and photo~s are emitted mmst copiously from the

hottest, highest energy density zone reflect the temper-
ature of the early system. They are unaffected by the

surrounding hadronic matter as they interact only elec-
tromagnetically. Unfortunately, these probes are rare
and difficult to measure, and are pla~ued with large

backgrounds from the hadronic phase. Kams and pions
are emitted later. at the time of “freeeout” when the
hadrons cease to interact. Their correlations provide a

picture ~f the space-time evolution of the later part of
the col!ision, The relative ratea of kaon, pim baryon
and anti- baryon production may provide an indication

of the approach to chemical equilibrium.
It should be noted that nuclear matter in its ground

state has an energy density of approximately 0.17
(h-1~/fm3, while the energy density inside a nucleon

is about foul tinles this. The phase transition to

quark matter is predicted to occur at an ener,gyv density
nrar 2-3 GeV/fm3 .[1] We study such systems in the
Ialmralory with heavy ions to achieve maximum ener~v

density over as large a volume as possible. This should
nla~irnize the time w.’ailabh to approach equilibrium
nnd enhance signals of interesting physics over the
Imcliground, However, it is possible that q~lark matter

may already be produced in p-p collisions, so systematic
studies of p-p, p-nucleus and nucl, ins-nucleus collisiom
art, rrquired,

2. OBSERVABLE

In characterizing the collisions, w’e would like LO
=certain the size and dem. ity of the hol sysiem
in the central region of the nucleus-nucleus system
and czterrrtine the energv density achieved. 11 is

importan” to know how well the nuclei slop each 01her
to see how much longitudinal m. ‘r~v is converted 10
transverse energy, and what Laryon density exists in
the central region. Furthermore. we need to detrrminr
whether or not the system approaches equilibrium and

thermodynamic descriptions may be used. The 1001s

available to address these questions include two-particle
correlations to map the space-time extent of the system
when the hadrons decouple. [5] The flow of ener~~

and charged particles transverse to the beam along
with the rapidity distribution of protons indicate the

amount of stopping and randomization c f the incoming
energy. The transverse mass distributions of hadrons
reflect the temperature of the system at freezeout and

effects of radial expansion .[6] The production ratios of
different particles are related to the extent of chemical
equilibrium reached in the collision and subsequent

evolution of the nadron gas.
Having used these obaervablea to ascertain that we

have prepared a system of Micient energy ~ensity
and spatial extent in which it is reasonable to look
for evidence of a phase transition to a new type of

matter, we turn to a second class of observakdes.

These reflect the high energy density region and
provide potential signals of reconfinement and/or chiral
f ymmetry restoration.

The widths and branching ratios of vector mesons
depend &rongly on the matter surrounding the meson
when it decnys.[7,8] The d tnermrr mass and width are

modified if chiral symmetry is restored .[9]. The @ decay
is very sensitive to modification of the kaon mass by
chiral symmetry res~ration M its mass is very near that

of two kaons. The decay ratio d + K+ K-/d - e+e -
may be quite diflerent than in vacuum .[10] The @ meson
is readily measurable, even in high multiplicity events,
due to its narrow peak structure. Decays of the P and
u can be used to measure the lifetime and temperature
of the hot hadron gsa before freezeout.[8]

Some of the predicted signals of reconfinement are
suppression of J /tiI production by DeLye screening of
C? in a quark-gluon plama,[l 1] or arhancetl production

of strange-[ 12] and anti-quarks[13] along with hadrons
containing them. Large fluctuations in ttw charged
particle multiplicity m transver~e energy distribution

could nrise from bubhlcs of decaying plaallla.[ 14] In
addition to characterizing the collision, two particle
correlations can signal a phaqe transition M they
meaaurc th~ duration of Iladrunizalioll mI(l ~)articlo
rllllssion, which should hr long in I:oth a Iirsl or wwnd
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order ph=e transition,. [5) In very high emer~v collisions.
ss at the planned heavy ion colliders. we may look for

quenching of jets. indicating plasma formation by the
larger dE/dx in plrsma than in hadronic mattel-.[~5]
A lSO. it has been predicted that charm production may
bc significantly enhanced in a quarli-gluon plasma.[16]

3. BOSE-EINSTEIN CORRELATIONS

AS mentioned above, the measurement of t.w-particle

correlation functic.ms, and analysis of the Bose-Einstein
correlations is of great interest as it yields the space-

time evolution of the haclronic (i.e. later) part of the
collision. The lifetime and trarmverae expansion may

be strongly influenced by the phase transition. The
measured correlation function represents the Fourier
transform of the particle distribution inside the emitting
source if 1) the particles are emitted incoherently. 2)
they do not come from resonance decays, 3) the particles
do not interact with each other or the rest of the
system, and 4) there are no kinematic correlations.
~orrelation functions are customarily fit assuming a

Gaussian distributed source, though it is known that
the assumptions above are not completely correct ad
the distribution has a more com;,lex shape. [17,18] High
statistics data allow multi-dimensional fits. These do

not require the unrealistic assumption of a spherical
source, are more sensitive to the collision dynamics, and
less influenced by relativistic effects than correlations
analyzed in the four-momentum difference (qinV] of
the two particles which repreaenm an average over all
directions of the pairs within the acceptance of the
experiment.

The experimental correlation functions are con-
structed from the ratio of the tw~particle crtx section
to the product of the two single particle cream aection-
S, evaluated by taking particles from different events.

These are usually fit with the function:

C? = C(q(a, q:, ,qI) = D[l+Aezp[(-q;e &20-q;, &2, –q;R;)]

The relative momentum vector is decompwed into a
longitudinal component, ql, parallel to the beam axis,
and two transvcise components, qt. and qf,, which
arc perpendicular to the beam axis. qt. is along
t.h~ momentum sum of the two particles, and q~, is
lwrprndicular to it, Being parallel to the velocities
of the particles, qt. is sensitive to the lifetime of the
sourcc, [5] and 12~~= R:, + (/YAr)2. The R parameters

m related to the C*ausaian sizes of the source in
th~ specified directions; the correspondence of the P
lmramet,ers and the sizes is discussed below. The
strength of the correlation is given by the A parameter.
wmwt,irnes called the chaoticity parameter.

Different rxperirrwnts analyze correlations in some-
\~t]iit diffm-nt. rcfcrcncr framm. NA44[19,20] analyzes

3D h+ Fit Resuhs - E859 Prelirlinan”

Figure 2. K+ K+ C~tion functiom 6VM 14.6 GeV/nuclmn
Si + Au cotlisic.n.

in the frame in which the particle pair momentum sum

along the beam direction is zero. This frrme couples
the lifetime information solely to qt.. N A35[21 ,22] and

E802/E859[23,24j analyze in the nucleon-nucleon center
of mass frame, which is similar (but not identical) nem-

mid-rapidity. This reference frame is near the rest frame
of the particle source,

Figure 2 shows the cmrelation function of K+ pairs
in 14.6 GeV/nucleon Si + Au collisions, measured by

E859[25] and analyzed in three dimensions as dacribed
above. The projection in each directicm is shown; cuts

are made on small momentum differences in the other
two directions. The solid line shows a fitwith a Gaussian
source distribution; the shape of the data is reproduced
quite well. The E859 cxtractcd radius, or R, parameters
are ahown in Table 1. The transverse radiua parameters
from kaons are smaller than those from pions, and

the J parameter is larger, Both trends are expected
from the fact that fewer kaons than pions are produced
by the decays of long-lived resonances. Such decay

products are formed after freezeout, and represent an
uncorrelated hsckground to the Bose-Einstein signal,
hence the rlecrc~ in the J parameter. I&onances
with lifetimes comparable to, but somewhal longer than,

the source lifetime modify the shape of the correlation
function and t.cnd t~l increaqe the magnitude of the
vxtracted /t parameters. Within Rtfitistical errors, }?l,



pair R R, R,O A
?

r+r+ 2.Y5*’O.15 2.9510.i9 2.77*O. 13 cM5*o.02
h-+~+ 1.71*0.14 2.09*0.20 2.07*0.16 0.63*0.OS

Table 1. E859 correlation function fit pararnetem

and Rtn are the same.
NA35 .s a streamer chamber and TPC experiment

at CEF?N, with a large acceptance for pionr from

200 GeV/nucleon S - nucleus collisions. They have

studied the correlations and resulting fit parameters
as a function of rapidity am-l transverse momentum.
NA35 finds[21] the rapidity dependence of the transverse
radius parameters to be minimal, and of RI to indicate
a longitudinal expansion very sir,tilar to the boosc-
invariant expansion which was pledicted for these

energies .[26] The transverse radius par.wne’wrs decrease
somewhat with increzwing pf.

Both NA35[21] ar.d NA44,[19,20] which measures r
and K correlations in 200 GeV/nuckon S + Pb, find no

evidence for a long-lived pion emission; as at the lower
energy, Rim = Rto, Figure 3 shows &, extracted by

NA44 for both pions and kacms, as a function of m,. The
dashed line and squares indicate 2/fi. and agree with
the data remarkably wA1.[20] This dependence on @

is notable because a simple hydrodynamical model of a
cylindrically symmetric expanding source predicts just
such a dependence. [27] The common behavior with m,

f pions and kamm suggests equilibration and supports
the applicability of hydrodynamics. The expansion

crea;.es correlations between a particle’s position and

momentum, negsting one of the assumptions made
in fitting correlation functions and relating the fit
parameters to the source size. In the hydrodynamical

picture, the fit parameters reflect the velocity gradient
and freezmut temperature. [271 I will come back to this
point below, as it .atTects how we may use the ext ratted
R parameters.

A tool to guide interpretation of the ‘correlation fit
parameters is comparitin with an event generator in-
corporating the collision dynamics, particle production,
hadron rescattering, and resonance formation and de-
cay. Ma,ly experiments currently use the RQMD event
generator [28], which gives good agreement with ~ingle

particle distributions. To study correlation function-
s, the Inodel is used to generate the phase-space c-

oral; nates of hadrons at the time they sufler their last
strong interaction. Using the freezeout position and me
~lwntum of pairs of randomly selected particles, a tw~
particle symmetrized wave function is calculated and
used to add Bose-Einstein correlations.[ 17,18] The par-
ticles are first subjected to the experimental acceptance.
ruts, and the resulting correlation functions are then tit
it, tlw same way as the data.
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Figure 3. m, dependenu of&, paranmtem from NA44 and

RQMD for 2W GeV/nudeon S + Pb. The dashed line and

~ a- Iffi, ndrd Lo lhe data.

NA44 and NA35 both fiud good agreement of the

RQMD correlation functions with the data; Figure 3

shows the fit parameters from RQMD events along with
the NA44 data. RQMD clearly has the same @

dependence as the data. We can then look into the

details of the cohions n the model to understand
this trend. RQMD does show a radial expansion
of the source, which is driven by mu!tiple secondary
collisions among the many produced hadrons before

freezeout.[20] This agrees with the cor,clusions drawn
from the simple hydrodynamicrd model above, This
expansion causes a difference between the extracted R
pam.rneters and the actual size of the source at freezeout.

The RQMD comparisons also ●xplain the differences in
the fit parameters between different experiments; these
arise due to the different acceptances in y and pf, It

isinteresting to note that at lower energy, experiment
E814 also finds g~ od agreement between measured pion
correlation functions and those predicted by RQM D.[29]

They also use the RQMD comparison to infer evidence
of e.,pansion of ~he source before freezeout.

The event generator comparison provides a way to
determine the relationship between the correlation tit
parmnetera and the source size we wish to measure.

This can be accomplished by comparing the calculated
correlation function with the particle distributions at

freezeout. Such a comparison is shown in Figure 4 for S

+ Pb collisions at 200 GeV/nucleon.[18]
The top half of Figure 4 shows the picw (solid Iincs)

and kaon (dotted lines) distributions at freezeou t along
the beam direction, tr~msverse to the beam, and in
time. The fact that the kaon distributions are narrower
than the pions is clearly visible, and this trend agrem
with thr data. ‘I’he kJWIJr scctiun of tilt. Iigurc shows
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Figure 4. Pnakion disti,butionm (top) and wrrelation fuoccions

(bottom) at f~ ut for ~ and K @m from RQMD 2W
GcV/nucleon S + Pb COIWOIU. Both are shown in three
dimensions.

correlation functions calculated aeveraf ways from the
RQMD eventa. They ~ie plotted in the variable which
rorresponcl LYmst closely to the directions in the top

part of the figule, along the beam direction (qpa~ or w),
transverae to the beam (qtsldc), and in qfmt, which is .
combination of the time and transverse size. The soli..l
anct dashed lines indicate the Fourier mmsform of the
position distributions in the top part of the figure. The
points show the calculated RQMD correlation functions
using the NA35 experimental acceptance. Comparison

of the curves allows evaluation of how closely the
correlation functions measured by the experiments
actuafly reflect the source sizes. It is evident that the

agreement is far from perfect, Along the beam direction,
Ihere are significant effects of Lorentz extent ion of
Ihe lneaaurement reference frame with respect to the

source frame, [30] along with the position-momentum
correlations caused by the longitudinal expansion .[27,21]

Analysis in ql, most closely approximltea the transverse
size of the source, but is also subject to error from

position-momentllm correlations induced by transverse

expansion. This coi.relation il.creases with increasing
particle transverse mass, and is reflected in the larger
deviation of Lhe calculated correlation function from
[he kmn Fciurier transform. The pcsition-momentmm
correlation increases the difference between K and = fit
l)arametcr~, and causes t,lw m~ dependence shown in
Figure 3. Tlw correlation functions in qlo should not

agree directly with the time distribution as they also
include the source trartsverw size. These effects can
be untangled. however. by using the information fron~

the event generator to scale the R parameters extracted
from the data.

The recent high statistics experiments and careful
event generator comparisons have shown I hat Bose-
Einstein correlat.ions reflect the collision dynamics in

addition to providing information about the source size
and shape at the time of freezeout. Interpretation of the
fit parameters to correlation functions is complicated.
however. They do not directly yield the source size, It
IS possible. howeve(, to extract the information by using
an event generator, comparing to data, and then looking

at the event generator position distributions. [18,19.29].

4. STRANGENESS PRODUCTION

A numbel of experiments at both BNL and CE’RN
have searched for evidence of enhanced production
oi’ particles incorporating strange quarks. Such an
enhancement is a possible signal of deccnfinement =
the large mass of the strange quark does not greatly

suppress SF production at the tempermms expected

for tr=sition to a quark-gluon pbama. The time
needed for saturation of the strange phase space in the

plasma through gluon fusion is only a few fro/c, whereas
the rat+ for strar,ge pair production in conventional

hadronic processes ia much slower. [12,31] (hlulti)strange

antibaryon production ia particularly sensitive as these
are difficult to produce in hadronic interactions and

are unlikely to reach equilibrium amounts in a hadron

gas.[32] Strange particle production can also yield
information on the evolution of the hacfronic stage cf the
collisions, and the approach to chemicaf equilbrium.[31]

Enhanced production of A’+ was observed at 14.6

GeV/nucleon by E802.[33] The hadrouic environment
in the .entral region at that energy is rather baryon-
rich, and the K+ enhancement can be understood
quantitatively via the associated produ~tion mechanism
x + N ~ 1{+ + A.f34] At 200 GeV/nucleon, enhanced
K+ producticm was also observed, but iil the targ-t
region rather than at midrapidity. [35] It should be
noted that at y = 1 in 200 GeV/nucleon S +
W, the baryon rapidity densiry is the sarr.e as in
midrapidity Si + Au at 14.6 GeV/nucleon. The
fi+ /x ratios measured by the two experiments are

also the same, yiekhng experimental support for the
=ociated production explanation of the observed Ii+
enhancement. Furthermore, enhanced A production was
seen at targe~ rapidity by NA35 in asymmetric nucleus-

nucleus collisions and in p-nucleus collisions. [36] This
furthez suDports the associated production explanation.

Enhanced production of antilan,bd~s at midrapid-
ity h-s ken ohservml by N A3.5[3(3], N A3G[37] and



prticle r&tio A-A I ratio pp

A/A i 0.23 * 0.01 I

44!!E14($1- + R-)/( E- + ~-] >0.4 (95% C. L.) <0.15 (90% C.L.)

Table 2. Strmge baryon and anti-n production ratios

WA85[38]. There is an ongoing deba~e a“ to whether this
enhancement can be explained by the superptisition of
nucieon-nucleon collisions and secondary particle rescat-
tering. or if new physical processes are required. For
example. the RQMD event generator cannot reproduce
the ~ yield without collective excitation of overlapping
strings.[39]

Recent measurements of S by WA85 and NA36[38,

37] and tl by WA94[40] also indicate enhanced
strangmtms production, compared to p-p collisions. The
measured particle ratios in the range 2.5 < M <

3.0 and 1.2 < pt < 3.0 GeV/c are given in Table

2.[<- 41] The ratio =-/~ measured by WA85 in sulfur
induced collisions is = 5 times greater than that in

P-P[4 11. The observed enhancement of multistrange
antibaryons has not been successfully d-cribed by
any model incorporating only k llown physics, and h3s

caused considerable interest in further experimental and

theoretical ~tudy.

5. DIL!3PTONS AND PHOTONS

As mentioned above, leptons and photons are produc~:d
du~ing the whole !ifetime of the collision, but the high
energy part of the thermal spectrum is dominated

by the hott~t, highest, energy density region. Its
temperature determines the slope of the transverse
ener~ distribution of real anti ~irtual photons, and

the vnission rate reflects the parton density in this
region. The dependence of the photon rate on charged
particle multiplicity (i.e. linear or quadratic) aids
in identifying the source of photons or dileptons;
parton or hadron armit iilation produces photons (real or
virtual) proportion~ly to the square of the multiplicity.

Experimentally, the production rate aitd shape of
the dilepton mass and pi spectra are compared to a
superposition of hadronic decays in p-p collisions and
to p-nucleus measurements. Anomalies can indicnte the

importance of new physics.
I will discuss the Iepton pair results starting at

low then moving to higher mass, The maas spectrum

separates into regions in which dilepton prod’lciion is
dominated by different processes, tilough of course,

various hadron decays contribute a large frac- /on of

the observed d;leptons, The ~oft continuum region.
below the the p. should arise predominantly from pion

annihilation[42] or thermal emission .[43.44] Tke m~s
region around 1 GeV/c2 inciudes dileptons from dtcays
of p, w and d mesons, which can yield information about
strangeness enhancement, chiral symmetry restoration.
and the lifetime of the hot hadron gas. The intermediate

mass continuum, between the g and the J/LIV.faould be
composed predominantly of lept.ons fmm decays of cpen

charm, low mass Drell-Yan production, and perhaps

the tail of the thermal dilepton distribution. Tke
J/v production rate is of interest. due to predictions
of suppression by quark-gluon plasma. Furthermore,
the rate and p~ distribution are affected by initia’ and
final state scattering effects and probe the comoving
matter. [45] The high mass continuum above the .Jjti
m“isea primarily from the Drell-Ym procem at CERN
SPS energy.

In the soft cc. hum region there has long been
an unexplained excl.--s, referred to as “anomalous lepton
pairs” .[46] The HELIGS I experiment was optimized to

study electron and muon pairs from the rr through the
~, and has recently repcrted results from 450 GeV p-

B: colhsions.[47] HILLIOS was able to reconstruct the
q and u Dali~z decays, and consequently to properly
account for th:ir contributions to the soft dilepton

spemrum, previous estimates used too small a value

for uq/(uP + uw). Incorporating the q Dalitz rate
observed @ liELIOS in estimating the soft dileplons

from hadronic sources explains the measured spectrum
ver~ well, leaving no room for anomaIous pairs.[47]

Above the r“, the soft continuum is dominated by q
Dalitz decays up to ~ msas of 0.5 GeV/c. u e e+e-mo
then dominates unt.!l the p,w peak.

The aoft conthu~m region has recently been investi-
gated in 450 GeV pBe and p-Au, and 200 GeV/nucleon

S-Au collisions by the CERES collaboration .[48] The
experiment uses Ring Imaging Cherenkov detectors to
track and identify electron pairs at midrapiclity with
minimal sensitivity to the copiously produced pions.

Figure 5[48] shows the mass spectrum of dielectrcrrs
from the three systems, compared to the yield expect-
ed in the CER.ES ~cceptance from known (hadronic)
sources. The p, and pair angle cuts used in the data
analysis are indicated on the plots; the higher charged
particle multiplicity call~es more background in S-Au
and requires the larger pt cu~ Lhan in proton-induced
collickms, The shaded band indicates the dielectron
spectrum expected from known sources, filtered through
the CERES acceptance and smeared for the experimen-
tal resolution and efficiencies. The curves for pAu and
S-Au collisions are calculated by scaling the pBe pre-
diction by tht= observed charged particle multiplicity iu
the riielectron rapidity region. The agreement with thr
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data for p-Be and p Au collisions is very good, but the
known sources significantly underpredict tbe S-Au di-
electron yield below the p. The magnitude oi the en-

hancement is is a factor of 4.96 + 0.73 (stat) +1.95/-2.1
(syst ).[48] The onset of the enhancement at pair masses
above approximately 250 MeV/c2 sugg~ts it rni~ht arise
frtim the opening of the tw~pion annihilation channel

at m = ‘i!rn W.

Excess production of dileptons in the aoft continuum
region ww also observed by HELIOS/3,[49] which
compares dimuon production in 200 GeV/nucleon S-
\V collisions with 450 &V pW collisions. Figure 6

show~ the dimuon mass spec ~,iurrt for both systems at

v = 4: the curyes show the uimuon rate norm~ixd to
the tlumber of cl,~rged particles at the same rapidity.

The S-W cur~e lies above the pW curve in the soft
region, labeled ‘“LMR” for low mass region, and also in
the intermediate mass region, “ IMR”. Tne magnitude ,mf
[he sof~. excess in HELIOS/3 is qualitatively comparable
LOthat reported by CERES, though the rapidity regions

differ somewhat. The intermediate mass excms is ! .96

+ 0.58 alove the p-W rate p~r charged particle.[49] The
NA 38 collaboration has ala observed excm dimuon

production in the irrtermodiate maeq region, and repor’ti
:.n enhancement of 1.4 + 0.1 .[50]

Ttiese enhancements are currently not well under-
stood. It has been suggested that the intermediate mass
excess may arise from larger charm production in heavy
ion collisions than expt=cted by scaling p-p or pnucleus
collisions.[f19,.M)] II CW(?W;, it is possible that part of the

0 s-w
● pw

10-’

.10
10I HMR I

lo”~
o 0.5 I 1.5 : :.5 3 3.5 4
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Figure 6. Dimuon maza ~pecmum measured by HELIOS/3 in
S-W and pW collizionz at ~ GeV’/A and 4s0 GeV,

~pecti~ly. The dam ~ nonnabzed to the chrrrged particle
multiplicity.

enhancements in Figures 5 and 6 may appear because
of t4e way that the expected dilepmrr yield is scaled for
comparison to htavy ion data. Ail three experlmencs
scak dilcpton productiw] [rCJlll h aclrrmic sources by the
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charged par[lcle mul~iplicit:i - CERES and NA38 scale
the Monte Carlo prediction; fcr p-p collisions. and .iE-
LIOS/3 scales p-\V data as WC]]ss the predicted yield. It
terLainly makes sense to sc~ie ttadronic sourc~ with the
number of hadrons. but it should be noted that the A de-

pendence of charm production in p-nucleus collisions is
not quite the same 2s the A dependence of charged par-
ticle production. Charm production scal~ with a larger
exponent in A“ than soft particle multiplicity. Ccm-
sequently. the scaling employed is likely to somewhat

underpredict the charm production in high multiplicity
heavy ion collisions. Should pion annihilation be sig-
nificant in r,ucleus-nucleus collisions, which aeem~ likely
with the large number of pions creawd, then care must

be taken in scaling the expected annihilation rate. This
should vary Z6 the square of the charged particle mul-
tiplicity. As the data are very new, these quanti’-ative
studies are underway and we do not yet know how much
of the observed enhancements car be exphined without
invoking new physics.

Returning to the d, it should be noted that E859 has
measured the o — ~{+}:- decays in 14.6 GeV/nucleon

Si+Au collisions.[51] They find that ihe @ mass and
width are not modified and that the production rate
x consistent with the measured charged ItrLon cr-
sect Ions.

A feature visible in Figure 6 is the suppression of J/#J
production in S-W compared to p-W collisions. This
suppression w-as reported to increase with increasing
collision centrality already by NA38.[52,53] They also
find that the L!FIis suppressed more strongly than the

J/tb.[50] It is necessary to :*e ir’fi account initial state
parton scattering effects on c? production, and final
state scattering of the J/ti with the comoving hadrons
before the observed suppression can be interpreted

as a signal of new physics. [45] These eflects c.n be
quantified from p-nucleus data, where a suppression
of J/v formation was ~bserved for heavy targets.[54,
53] Initial state scattering broadens the partmr PI
distribution; this pt kick may increase” with larger q2
and decreaqe with larger ~. The final state J/@ can
also be dissociated by nuclear absorption or secondary
scattering. In fact. p-nucleus and nucleus-nucleus
collisions show a similar rate of J/~ as a function of
the number of nucleon. nucleon collisions. Fitting the
magnitude of the initial and .,nal state scattering eflects
from p-nucleus collisions, and comparing the result to
observed J/tJ production in nucleus-nucleus, does not

leave much room for new ph:”Lics (but does not rule it
out conclusively either) .[55]

Direct photons can yield complementary and
analogous information to thermal dileptms. Fart

phntons arise primarily from fi” an-l q decays, but also
have a contribution from the hot expanding hadron
gas, which we wish to characterize. At high p, (> 4

WcOZCKlAGrv S + Au (@mu-yI
.

.+
—. .-

‘(l 1 3 0 I :
&cv/c)

Figure 7. ~/# raLio m a func,ion of PI for peripheral and

centraf S + Au collisions aL 2C93Gc\- /nucleon. measured by
WA~. The histograms indicate photons from hadronic so~.

5 GeV/c), the photon spectrum is domin%ted by parton
annihilation if a quarli-gluon pl=ma is formed. In

measuring photms. the problem is to reconstruct X“
and q distributions to quantitatively understand the

dominant source of photons in the collisions. WA80

has searched for direct photon production by measuring
the total photon distribution and comparing it to the

To yield.[56] Figure 7 shows the pf dependence of the
y/zO ratio in peripheral and central S + Au collisions
at 200 GeV/nucleon. The points show Lhe data, and
the histograms the - background” from hadron decays.

It is evident that the peripheral collisions show no
enhancement over background, but central collisions
have an indication for direct photon production below
P, s 2-3 GeV/c.[56]

6. I?UTTJRE

The immediate future in heavy ion collisions is the
availability of 160 GeV/nucleon lead beams expected at

CERN in November 1994. The major experiments are
eagerly awaiting this opportunely to prepare even higher
energy density systems in the laboratory. TJrther in the
future are two heavy ion colliders: RHIC with V = 200

GeV, under construction at Brookhaven, and the LHC
atfi= 5.5 TeV, planned at CERN. RHIC will hate
two large experiments, PHENIX ~nd STAR, focussing

on lepton, photrm and few-had ron measurements, and

event-by-event hadron studies, respectively. There
will also be two small experiments - PHOBOS and

BRAHMS. Together these experiments will cover the
range of observabks, At the LHC there will be one very
large heavy ion experiment, ALICE.

Figure 8 shows R prediction of contributions to t..e
dilepton mass distribution in the high W colls;ons
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expected in the heavy ion colliders being built.[57]
At the RHIC Collider the particle rapidity density
(including neutral hadrons), dN/dy, expected is 1735.
At the LHC, dN/dM will be 5624. These yield initial
temperatures of 500 and 900 MeV, respecti~ely, which
will result. in a much larger production of thermal

dileptons at high mass than in current experiments.
This is encouraging to experiment design aa the
thermal dileptons will be accessible away from the

p. w, o and the complicated region below. Of course,
the charged particle multiplicities are daunting. The
solid and dashed lines on the figure show ther~al

dilepton mass distributions for both colliders with a
calculation incorporating free strearnkg of particle~

longitudinally, and the standard Bjorken “boost invariant
hydrodynamical expansion, r=pectively. The dotted
line is the stadard estimate of the Drell-Yan yields
( without ttte K factor). At RHIC, the thermal spectrum

is above Dre!l-1’an to perhaps 4 or 5 GeV dilepton mass,
and at L.HC to 9 or 10 GeV.

7. CONCLUSIONS

The recent results hlgh]ighted at tfir conference
and in this review show that we can study the
dynamics of nucleus-nucleus collisions experimentally
by measuring the correlations of hadron paira. These
me~urernents provide information about the evolution
of ! he energy density in these complex systems.
Thrre is an enhancement in strangeness production

in central nucleus-nucleus collisions which cannot be
easily explained with known processes. Dileptons show

excess production in high multiplicity nucleus-nucleus
collisions in the aoft (below the p) and intermediate

(between the 4 and 3/$) continuum regions, and
photma also show an enhancement over hadronic
sourc=. The community is workingto understand these

phenomena and is looking forward Lo the near future
which will allow creation of high energy density matter

over larger volume. The next 5-10 years will bring
much lager ~s, energy densities, and hopefully initial
temperatures.
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B. F.L. Wtrrd, Tennessee:

Could you tell us the strongest experimental evidence
which you have that one has actually rearlted thermal

equilibrium in the heavy-ion collisions?

Jacak:
We have not yet shown this unambiguously, but the sin-

gle hadron distributions and correlation functions indi-
cate a great deal of secondary scattering before freeze-

out. The measured hadron transverse mass distribu-
tions approach m, scaling, which would be expected in

a thermalized system. Furthermore, the relative pr~
duction ratioa of different hadrons approach the values
expected for chemical equilibrium.

A, Ejremov, Dubna
There exists one more signal of the plasma. It is the de

crease of strange baryon polarization. Does somebody
try to observe this?

Jacak:
A search for A polarization was performed by NA35
and reported in reference 36. They found in S+S col-
lisions no transverse or longitudinal polarization of the
A, huwever the measurement is at the limit of statisti-
cal significance. It is important, however, to recall the
large amount of secondary scattering undergone by the
hadrons before they decouple; this limits the usefulness
of polarization as a plasma signal.


